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Abstract
In situ attenuated total reflection (ATR) infrared and UV–vis spectroscopy are combined to yield simultaneous time-resolved information
on dissolved reaction products, adsorbed species, and the catalyst during the oxidation of ethanol and 2-propanol on a 5% Pd/Al2O3 catalyst.
The oxidation is initiated by change from hydrogen- to oxygen-saturated solvent flow. 2-Propanol oxidation is observed only in the transient
period, whereas ethanol oxidation is also observed in the steady state. This may be ascribed to overoxidation of the catalyst in the former
case. In a mixture of the two alcohols the same thing is observed. Competitive adsorption in the steady state may explain this behavior. For
ethanol oxidation ethyl acetate is also observed during the transient period. The UV–vis spectra reveal a fast reversible change of the catalyst
with switching between hydrogen and oxygen and a slow irreversible change during ethanol oxidation. The latter is ascribed to the change in
Pd particle structure, which hardly affects, however, catalyst activity on the time scale of about 1 h.
Keywords: In situ spectroscopy; Alcohol oxidation; Attenuated total reflection; UV–vis; Reaction mechanism; Catalyst deactivation; Ethyl acetate; Ethanol;
2-Propanol; Overoxidation1. Introduction
In situ spectroscopy and operando spectroscopy of cat-
alytic interfaces provide in-depth molecular level informa-
tion on reaction mechanisms and catalyst behavior [1] and
thus pave the way for the rational design of catalyst mate-
rials and processes. This has recently stimulated the devel-
opment and application of in situ spectroscopic techniques
in heterogeneous catalysis. Considerable effort has been de-
voted to solid–gas interfaces, whereas catalytic solid–liquid
interfaces have been studied to a lesser extent by in situ spec-
troscopic techniques, despite their importance for a variety
of relevant processes.
Attenuated total reflection (ATR) infrared spectroscopy
[2] has been successfully applied to the study of processes at
solid–liquid interfaces of model [3–6] and real powder cata-
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E-mail address: thomas.burgi@unine.ch.lysts [7,8]. The ATR technique makes use of the evanescent
electromagnetic field in the vicinity of an optical element
and eliminates excessive solvent absorption. Simultaneous
information on dissolved molecules, such as reactants and
products, and on species adsorbed to the catalyst surface,
such as intermediates [9] and catalyst poisons [10], can be
obtained. The ATR technique can also provide information
on the catalyst itself, depending on the nature of the lat-
ter [8,11]. Among the strengths of ATR spectroscopy for
the investigation of catalytic processes is the excellent time
resolution of Fourier transform infrared spectroscopy [12],
making it possible to follow relatively fast processes when
appropriately designed cells are used [13]. The challenges
are connected with the sensitivity and complexity of cat-
alytic solid–liquid interfaces [7,8].
In this contribution we combine the ATR technique with
in situ UV–vis spectroscopy. The simultaneous application
of two complementary techniques is expected to yield fur-
ther insight into the processes occurring at the catalytic in-
terface [14]. In particular, ATR infrared spectroscopy gives
2primarily information on the chemical nature of dissolved
and adsorbed species, whereas UV–vis spectroscopy can be
used to probe catalytic sites [15].
The combined IR/UV–vis technique is applied to the
study of alcohol oxidation over a Pd/Al2O3 catalyst. Selec-
tive oxidation of alcohols over noble metal catalysts pro-
ceeds under mild conditions and is an attractive synthetic
route for fine chemical production [16–20]. Catalyst deacti-
vation, which can have different origins, as discussed in de-
tail in recent reviews on alcohol oxidation [16,19], remains a
challenge. Processes like corrosion, restructuring, and leach-
ing of the active metal during reaction could affect catalyst
performance. A thorough understanding of these phenom-
ena and their interplay calls for adequate in situ analytical
methods. UV–vis spectroscopy is a sensitive probe for metal
particles and is therefore a promising tool for shedding light
on processes that directly affect the catalyst.
The present manuscript is organized as follows. In Sec-
tion 2 the new setup for simultaneous ATR-IR and UV–vis
spectroscopy is described. In Section 3 time-resolved ATR-
IR spectra are first presented for the oxidation of ethanol,
a primary alcohol, and mixtures of ethanol and 2-propanol,
the latter being a secondary alcohol. These experiments re-
veal the species that are present at the catalytic solid–liquid
interface and show which reactions occur. Furthermore, the
time dependence of the ATR signals gives insight into the
kinetics of the different processes occurring on the catalyst.
UV–vis spectra that indicate changes in the Pd catalyst par-
ticles during oxidation are then presented. The discussion
focuses on the reasons for the different behaviors of ethanol
and 2-propanol with respect to reaction network and kinet-
ics and the possible origin of the observed changes of the Pd
particles during oxidation, as indicated by the UV–vis mea-
surements.
2. Experimental
2.1. Catalyst and chemicals
A 5% Pd/Al2O3 catalyst (Johnson Matthey, Type 324,
mean particle size 3.4 nm as determined by TEM) was used.
Before measurements the catalyst was reduced in situ by
flowing hydrogen-saturated ethanol. Ethanol (Merck p.a.)
and 2-propanol (Merck p.a.) were used as supplied. Nitro-
gen (99.995%), hydrogen (99.995%), and oxygen (99.998%)
gases were used to saturate the liquids. All gases were sup-
plied by CarbaGas.
2.2. Thin-film preparation
A slurry of the catalyst powder was prepared from about
20 mg catalyst and 5 ml ethanol (2-propanol in the case of
2-propanol oxidation). We prepared films of the catalyst
powder by dropping the slurry onto a ZnSe internal re-
flection element (IRE) (52 × 20 × 2 mm; KOMLAS). The
solvent was allowed to evaporate, and the procedure re-
peated totally three times. After drying for several minutes at40 ◦C in air, loose catalyst particles were removed by flow-
ing ethanol (2-propanol) over the IRE. After drying in air
the film was ready for use. The amount of catalyst exposed
to the solvent was between 1 and 1.5 mg.
2.3. In situ spectroscopy
ATR spectra were recorded with a dedicated Teflon flow-
through cell with a volume of 0.077 ml and a gap between
IRE and the surface of the cell of 250 µm [7]. The cell
has two inlets, which allows the fast exchange between two
different fluids. The cell was mounted on an attachment
for ATR measurements (Wilks Scientific) within the sam-
ple compartment of a Bruker Equinox-55 FTIR spectrometer
equipped with a MCT detector. Spectra were recorded at
4 cm−1 resolution.
The ATR cell is equipped with a fused silica window
(5-mm diameter and 3-mm thickness), which allows simul-
taneous recording of UV–vis and ATR-IR spectra of the cat-
alyst layer. The distance between inlet and outlet of the ATR
cell is 36 mm, and the window for UV–vis spectroscopy
is positioned 10 mm from the outlet. A UV–vis probe was
positioned in front of the window perpendicular to the IRE
surface, such that the end of the probe was located approxi-
mately 4 mm above the catalyst layer. The probe (Avantes)
consisted of six fibers that guided the light from a deuterium
halogen source to the sample and one fiber that guided the
reflected light to a UV–vis spectrometer (Avantes, 2.4-nm
resolution) equipped with a 2024-pixel CCD detector array.
The typical integration time for one spectrum was 100 ms.
Alternatively, the UV–vis spectrometer can be used to
record spectra for the ATR cell effluent [9]. The latter is di-
rectly coupled into a home-built UV–vis flow-through cell
consisting of two stainless-steel tees connected with a Teflon
tube. The light from the source is guided to one end of the
cell via fiber optics. The transmitted light is collected at the
other side of the cell and coupled into a second fiber, which
guides the light to the UV–vis spectrometer. The typical inte-
gration time for one transmission spectrum was 10 ms. The
path length of the UV–vis transmission cell was 4 cm.
The solvent was saturated with gases in two separate glass
bubble tanks and was passed through the cells and over the
sample by means of a peristaltic pump (Ismatec, Reglo 100)
located after the UV–vis transmission cell. Flow rates be-
tween 0.3 and 2.5 ml/min were used. Two pneumatically
actuated three-way Teflon valves (Parker PV-1-2324) were
used to control the solvent flow from the two tanks. All
experiments were performed at 30 ◦C. Stainless-steel and
Teflon tubing was used. A schematic of the experimental
setup is given in Fig. 1.
2.4. Measurement protocol and data acquisition
The catalyst system was stimulated by the periodic ad-
mission of ethanol (2-propanol) saturated with hydrogen and
oxygen. During one modulation period (flow of hydrogen-
saturated ethanol followed by an equally long flow of
3Fig. 1. Schematic setup of the combined in situ attenuated total reflection
(ATR) and UV–vis experiment with fiber optics for on-line UV–vis analysis.
oxygen-saturated ethanol) 60 infrared spectra were recorded
at a sampling rate of 40 kHz, with the use of the rapid scan
function of the FTIR spectrometer. For each spectrum sev-
eral scans were averaged. Three modulation periods were
applied before data acquisition was started. Infrared spectra
were then averaged over five periods. UV–vis (of catalyst or
effluent) and ATR-IR spectra were recorded simultaneously
and synchronized. Before every scan of the IR spectrometer
the UV–vis spectrometer was triggered to record one scan.
Several scans were averaged such that for one modulation
period a total of 60 spectra were obtained.
Experiments were typically performed as follows. Ethanol
in the two glass bubble tanks was saturated with nitrogen
before one tank was saturated with hydrogen and one with
oxygen. Hydrogen-saturated ethanol was then passed first
over the sample for 10 min. Afterward the flow was changed
between hydrogen- and oxygen-saturated ethanol five times
(each flow for about 1 min). After that treatment, modulation
experiments were started. Several consecutive modulation
experiments were performed with the same catalyst layer.
The catalyst layer was freshly prepared every day, however.
3. Results
Fig. 2 shows time-resolved ATR spectra recorded af-
ter the flow at the entrance of the cell was switched from
H2- to O2-saturated solvent. The reference was recorded
in hydrogen 50 s before switching. Several signals of dis-
solved and adsorbed species evolved within the first couple
of seconds. Bands associated with CO adsorbed to the Pd
catalyst can be observed between 1800 and 1900 cm−1.
The band at 1724 cm−1 is associated with dissolved ac-
etaldehyde, the primary oxidation product of ethanol. At
the higher frequency side of this band a signal appears atFig. 2. Time-resolved ATR spectra of the catalytic solid–liquid interface of
a 5% Pd/Al2O3 catalyst in contact with ethanol. The spectra were recorded
during a modulation experiment, where ethanol saturated with H2 and O2
was flowed alternately over the sample. The reference was recorded while
flowing H2-saturated solvent. At the right margin the time after switching to
O2 flow is indicated. The vertical lines indicate some signals that are shown
as a function of time in Fig. 3. The modulation period was t = 153 s. Flow
rate 1.1 ml/min. The signal was averaged over five modulation periods.
Fig. 3. Time-dependence of some ATR signals during one modulation pe-
riod for the experiment shown in Fig. 2.
about 1742 cm−1, which is strongly attenuated after 10 s. At
1240 cm−1 a band with similar time behavior is observed.
Finally, the broad bands centered at 1560 and 1400 cm−1 are
mainly associated with acetate on the catalyst support [8,21].
Fig. 3 shows the time dependence of some ATR signals for
the same experiment. At time t = 0 the flow was switched
4Fig. 4. Time-dependence of the UV signal at 300 nm associated with
acetaldehyde in the ATR cell effluent. The measurement was performed
on-line during an ATR experiment with modulation period T = 76 s, flow
rate 1.1 ml/min.
from O2- to H2-saturated ethanol. The spectra shown in
Fig. 2 correspond to the time interval between t = 76.5 and
91.7 s. The signal at 2600 cm−1, far from any significant
molecular absorption band, reflects the response of the cata-
lyst to the hydrogen and oxygen. Dissociative adsorption of
the two molecules on the Pd catalyst leads to a slight change
in the optical constants of the metal. As a consequence the
absorption signal over the whole infrared region reversibly
increases in hydrogen and decreases in oxygen, as discussed
in detail elsewhere [8]. The species absorbing at 1240 and
1742 cm−1 has a time behavior that is significantly differ-
ent from that of the primary oxidation product acetaldehyde,
which absorbs at 1724 cm−1. The former signals are signif-
icant only for a change from hydrogen- to oxygen-saturated
ethanol flow, whereas the acetaldehyde signal increases for
a switch to oxygen and then decreases fast to a steady-
state value. The signal at 1860 cm−1 associated with carbon
monoxide on Pd initially increases for a switch to oxygen,
because of decarbonylation of the aldehyde, and then de-
creases because of oxidation of CO by oxygen. The signals
at 1402 and 1560 due to acetates [22] on the support demon-
strate that the acetaldehyde can be further oxidized to acetic
acid.
Fig. 4 shows the UV signal at 300 nm (acetaldehyde)
of the ATR-cell effluent as a function of time during sev-
eral modulation periods. The signal demonstrates that the
process is reversible over several consecutive modulation pe-
riods. The figure furthermore confirms that during the switch
to oxygen the formation rate of acetaldehyde is initially high
and then decreases slightly. During the switch to hydrogen
the signal vanishes.
Fig. 5 shows ATR spectra for the same type of experiment
as shown in Fig. 2, however, now with a mixture of ethanol
and 2-propanol (50 vol% each). In the carbonyl stretching
region between 1700 and 1750 cm−1 three signals are ob-
served (Fig. 5, right). The signal at 1712 cm−1, which was
not observed in the experiment in neat ethanol, belongs to
acetone, the oxidation product of 2-propanol. Acetone has
another characteristic absorption band at 1358 cm−1. Com-Fig. 5. Time-resolved ATR spectra of the catalytic solid–liquid interface
of a 5% Pd/Al2O3 catalyst in contact with an ethanol/2-propanol mixture
(50 vol% each). The spectra were recorded during a modulation experiment,
where the mixture saturated with H2 and O2 was flowed alternately over the
sample. The reference was recorded in hydrogen. The time given at the right
margin indicates the time after switching to O2 flow. An expansion of the
carbonyl stretching region is depicted in the right part of the figure. The
vertical lines indicate some signals that are shown as a function of time in
Fig. 6. The modulation period was T = 61 s. Flow rate 1.5 ml/min. The
signal was averaged over eight modulation periods.
Fig. 6. Time-dependence of some ATR signals during one modulation pe-
riod for the experiment shown in Fig. 5.
parison of Figs. 2 and 5 shows that the signals due to CO
and acetate that were observed in the case of neat ethanol
(Fig. 2) are also observed in the ethanol/2-propanol mix-
ture. Fig. 6 shows the signals associated with acetaldehyde,
acetone, and the species giving rise to the bands at 1742
and 1240 cm−1 as a function of time. Acetone is observed
in significant amounts only for the switch between oxygen
and hydrogen and vice versa. This behavior was already ob-
5Fig. 7. ATR spectra of acetic acid and ethyl acetate dissolved in ethanol.
The spectra were recorded over a clean ZnSe internal reflection element.
The reference was recorded in neat ethanol. For comparison an in situ ATR
spectrum of a Pd/Al2O3 catalyst in contact with ethanol is shown. The spec-
trum was recorded five seconds after switching to O2-saturated ethanol (see
Fig. 2 for more details).
served for experiments with neat 2-propanol [8]. The signal
at 1724 cm−1, which is mainly associated with acetaldehyde,
also has maxima during the switching, part of which may be
due to signal overlap. Significant acetaldehyde formation is
observed in an oxygen atmosphere, in contrast to acetone
formation.
The carbonyl stretching region shown in Fig. 5 (right),
with the signals from acetaldehyde, acetone, and the species
associated with the band at 1742 cm−1, exhibits significant
changes during the transient period during the switch from
hydrogen- to oxygen-saturated solvent. Initially all signals
increase, but after a short time the signal at 1742 cm−1
and the one at 1712 cm−1 associated with acetone decrease
much faster than the acetaldehyde signal. The former sig-
nals virtually vanish after some time, whereas the one due to
acetaldehyde remains significant in the presence of oxygen.
With the exception of the bands at 1742 and 1242 cm−1,
the signals in the ATR spectra discussed above can be ex-
plained by the oxidation of the alcohol to aldehyde and ke-
tone, respectively, and the oxidation and decarbonylation re-
actions of the aldehyde. In the following the identification of
the species associated with the 1742 and 1242 cm−1 bands is
sought. A possible candidate from a chemical point of view
is dissolved acetic acid. If water is present in the reaction
medium, the aldehyde can be hydrated to the geminal diol,
which is subsequently fast dehydrogenated to the acid on the
catalyst surface [16,23]. Water is certainly present in small
amounts. The dissociative adsorption of the alcohol leads to
adsorbed hydrogen and an alkoxide. For 2-propanol oxida-Fig. 8. UV–vis spectrum of the 5% Pd/Al2O3 catalyst, recorded while flow-
ing ethanol. The spectrum highlights the changes induced by the switching
of the dissolved gas from hydrogen to oxygen. The spectrum was recorded
in oxygen, whereas the reference was recorded 60 s before in hydrogen.
The spectrum represents an average over five modulation periods. Flow rate
0.85 ml/min. The asterisk indicates a region in the spectrum, where the de-
tector was saturated.
tion on Pd/Al2O3 the corresponding alkoxide was recently
indicated by in situ ATR spectroscopy [9]. The oxidation of
hydrogen by the dissociatively adsorbed oxygen leads to wa-
ter [8]. Acid formation is clearly indicated by the bands at
around 1400 and 1560 cm−1 associated with acetate species
adsorbed on the Al2O3 support [22,24]. However, acetic acid
dissolved in ethanol is not compatible with the spectra mea-
sured in situ, as revealed by Fig. 7, where the ATR spectrum
of dissolved acetic acid and the in situ spectrum are com-
pared. Fig. 7 shows that the two strongest bands of dissolved
ethyl acetate match the two signals at 1742 and 1240 cm−1
(Fig. 2) in an excellent way. The second carbonyl band of
ethyl acetate at lower wavenumbers is superimposed on the
acetaldehyde band. Table 1 summarizes the infrared signals
observed in the ATR experiments.
Fig. 8 shows a UV–vis spectrum recorded during a
modulation experiment (hydrogen–oxygen) in ethanol. The
spectrum was recorded while oxygen-saturated ethanol
flowed over the sample, whereas the reference spectrum was
recorded in hydrogen-saturated ethanol. The change in the
gas had a small but significant effect on the spectra. This
change was reversible, as demonstrated by Fig. 9, where the
absorbance at 400 nm is plotted as a function of time dur-
ing a modulation experiment. The absorbance at 400 nm
increased for a flow of O2-saturated ethanol and decreased
again in H2-saturated ethanol.
The change of the UV–vis spectrum stimulated by change
of the dissolved gas, as shown in Figs. 8 and 9, is fast, on
the order of seconds. However, we have also noticed slower
changes in the UV–vis spectra of the catalyst. Fig. 10 shows
UV–vis spectra recorded during the flow of, first, hydrogen-
saturated ethanol for 30 min (three bottom spectra), followed
by oxygen-saturated ethanol (three top spectra). In hydro-
gen the spectrum hardly changes. Possibly part of the slight
change is due to drifts of the instrument during the relatively
long experiment. However, in oxygen the spectrum changes
significantly. The inset of Fig. 10 shows the absorbance at
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Observed signals and assignment for the in situ ATR experiments during ethanol and 2-propanol oxidation
Wavenumber (cm−1) Species Assignment
1241 Ethyl acetate, dissolved ν(C–O)
1358 Acetone, dissolved δ(CH3)
1402 Acetate, adsorbed on Al2O3 νs(COO−)
1560 Acetate, adsorbed on Al2O3 νas(COO−)
1640 Water, adsorbed on Al2O3 δ(HOH)
1712 Acetone, dissolved ν(C=O)
1724 Acetaldehyde, dissolved ν(C=O)
1742 Ethyl acetate, dissolved ν(C=O)
1781 Carbonyl species adsorbed on Pd ν(CO)
1860 CO adsorbed on Pd ν(CO)
2600 Metal (Broad absorption over the whole mid IR)Fig. 9. Absorbance at 400 nm as a function of time for a modulation ex-
periment, where hydrogen- and oxygen-saturated ethanol was alternately
flowed over the Pd/Al2O3 catalyst. Flow rate 0.85 ml/min. The absorbance
increased in oxygen and decreased in hydrogen.
Fig. 10. UV–vis spectra of the 5% Pd/Al2O3 catalyst. The reference was
recorded at t = 0 while flowing hydrogen-saturated ethanol. The three bot-
tom spectra were recorded while flowing hydrogen-saturated ethanol at
t = 1, 15 and 30 min. The three top spectra were recorded while flowing
oxygen-saturated ethanol at t = 40, 49 and 66 min. The inset shows the ab-
sorbance at 330 nm as a function of time. The spectra represent averages of
200 scans with 100 ms accumulation time each. Flow rate 0.3 ml/min.
400 nm as a function of time. As becomes evident, the slow
changes in the UV–vis spectra are not reversible in hydro-
gen. During the experiment acetaldehyde was observed byATR, as evidenced by the band at 1724 cm−1 in the presence
of oxygen. During 35 min of oxygen flow the acetaldehyde
signal decreased only slightly (on the order of 10% or less)
after the transient period. Identical experiments without cat-
alyst did not result in the UV–vis features described above.
4. Discussion
In the following discussion the formation of ethyl ac-
etate is first briefly addressed. Then the different behavior
of ethanol and 2-propanol and their competitive oxidation is
discussed in view of overoxidation of the catalyst and cat-
alyst potential. Finally the observed changes in the UV–vis
spectra are discussed, and it will be argued that the signals
arise because of redispersion of the Pd particles during the
oxidation reaction.
The ATR spectra in Figs. 2 and 5 exhibit the formation
of ethyl acetate during ethanol oxidation. The mechanism of
ester formation can be manifold. One possible pathway for
ethyl acetate formation involves formation of the acid and its
subsequent esterification. Since this does not happen in so-
lution to a significant extent (Fig. 7; see spectrum of acetic
acid in ethanol), involvement of the catalyst is likely. An-
other pathway is the direct conversion of the aldehyde to the
carboxylic ester. The latter reaction is observed when alde-
hydes are treated with ozone in the presence of an alcohol
[25]. The activated oxygen on the Pd catalyst could assume
the role of ozone in a similar reaction.
The several observed adsorbed and dissolved species
show distinctly different responses toward the stimulation,
that is, the change in dissolved gas. Ethyl acetate is formed
in significant amounts only transiently during the switch
from hydrogen- to oxygen-saturated ethanol and possibly,
to a much lesser extent, during the switch back, as shown
in Fig. 3 (absorbance at 1241 cm−1). A similar behavior
was previously observed for the formation of acetone from
2-propanol in the same type of experiment under identical
conditions [8,9]. On the other hand, acetaldehyde is pro-
duced also after the transient period in the presence of dis-
solved oxygen. As mentioned above, dissolved acetic acid
7is not directly observed, but the acetate adsorbed on the
Al2O3 is. The acetate signals (1402 cm−1 in Fig. 3) increase
fast only in the transient period within a few seconds. When
alumina is exposed to dissolved acetic acid the ATR signals
keep growing for a considerably longer time [24]. The time
behavior of the acetate signals in our experiments therefore
indicates that acetic acid is formed in significant amounts
only during the short transient period with switching be-
tween hydrogen- and oxygen-saturated solvent. During that
time water formation is expected to be most significant, be-
cause of the addition of supplementary hydrogen to the sys-
tem, and acid can form via hydration of acetaldehyde. Fig. 3
shows that ethyl acetate is formed in significant amounts
only when the signals from acetates on the support strongly
increase, that is, when acetic acid is present. This supports a
mechanism of ethyl acetate formation via acetic acid.
The different behavior of 2-propanol and ethanol will be
discussed next. Whereas acetone formation is observed only
in the transient period, with the change between hydrogen-
and oxygen-saturated solvent [8,9], acetaldehyde formation
is also observed in the steady state in the presence of oxy-
gen (Fig. 3). This could be due to the different reactivities
of the two alcohols (primary and secondary alcohol). If the
reaction of 2-propanol proceeds too slowly after the initial
period, the catalyst runs into the overoxidized state, where
further adsorption of the reactant is limited by dissociatively
adsorbed oxygen. For the faster reacting ethanol this may not
happen. It has been shown recently that one role of oxygen
is the oxidation and removal of by-products from the cata-
lyst surface [10]. One possible difference between the two
alcohols may be the different extent of poisoning of the Pd
surface. It has been shown that 2-propanol can decompose
to form CO and furthermore can react on oxygen-covered
Pd to form acetate in ultrahigh vacuum conditions [26]. Un-
der the conditions of our experiments these reactions are not
observed for 2-propanol [8,9]. However, for ethanol both CO
and acetate are formed (see Fig. 2). This therefore strongly
indicates that stronger poisoning of the catalyst in the case of
2-propanol compared with ethanol is not the reason for their
vastly different overall reactivity. The experiment in which
a 50:50 vol% mixture of 2-propanol and ethanol was used
(Figs. 5 and 6) gives more insight into these issues.
Despite the fact that the catalyst is not in an overoxidized
state, as the ethanol oxidation activity shows, no significant
2-propanol oxidation is observed after the transient period.
Several factors could account for this observation. Competi-
tive dissociative adsorption of the two alcohols could hinder
adsorption of 2-propanol. The initial adsorption steps lead to
the corresponding alkoxides, ethoxide and 2-propoxide, re-
spectively [9]. The relative adsorption strengths of the two
alkoxides determine their relative abundance on the catalyst
surface, provided that adsorption/desorption equilibrium is
established or nearly established between the dissolved al-
cohols and the adsorbed alkoxides. Substrates with high ad-
sorption strength may also compete with oxygen adsorption.
For the oxidation of 5-hydroxymethylfurfural on platinum-group metals, for example, no overoxidation was found,
which was attributed to the strong adsorption of the sub-
strate, caused by the interaction of the π -electrons of the
furan moiety [27]. Under the applied experimental condi-
tions 2-propanol cannot compete with oxygen adsorption.
In situ ATR experiments revealed that the 2-propoxide in-
termediate is observed in significant amounts only during
the short transient period, with the switch between hydrogen
and oxygen [9]. Therefore competitive adsorption between
the alcohols may be why no significant 2-propanol oxida-
tion is observed after the transient period, whereas ethanol
oxidation is. In the transient period both alcohols are oxi-
dized at a significant rate, which indicates a rather different
state of the catalyst surface during that time.
Each Pd particle can be viewed as a “short-circuited”
electrochemical cell [28] in which the anodic (alcohol ox-
idation) and cathodic (oxygen reduction) half-reactions take
place at the same rate and potential (“mixed potential”) [29].
Induced by the change of the dissolved gas from hydro-
gen to oxygen, the potential is swept to higher values. The
observations can therefore be interpreted in terms of this po-
tential sweep. At relative low potential of the catalyst in the
transient period, both alcohols are oxidized at a significant
rate, whereas at higher catalyst potential (steady state) only
ethanol is oxidized at an appreciable rate. The relative ox-
idation rates of the two alcohols can therefore be tuned by
adjustment of the catalyst potential (oxygen supply). Sim-
ilarly, the selectivity in ethanol oxidation (oxidation prod-
ucts acetaldehyde, acetic acid, and ethyl acetate) is strongly
potential dependent. Indeed, for the oxidation of cinnamyl
alcohol and cinnamaldehyde with oxygen over a 0.9 wt%
Bi–5 wt% Pt catalyst, different catalyst potentials were mea-
sured [28].
The changes in the Pd particles as indicated by the UV–
vis spectra are discussed in the final paragraphs. Clearly the
state of the catalyst is different in hydrogen and oxygen and
during the transient period, during switching between hydro-
gen and oxygen. This change, which is reflected in catalytic
activity, is also observed in the UV–vis spectrum, as revealed
by Fig. 8. The change in the UV–vis spectrum, with the
change in the dissolved gas, is fast and reversible (Fig. 9).
A similar effect is observed in the ATR spectra (see Fig. 3,
absorbance at 2600 cm−1). Based on reflectivity calcula-
tions, these changes were assigned to slight oxidation and
reduction, respectively, of Pd in the presence of oxygen and
hydrogen, respectively [8]. We ascribe the observed changes
in the UV–vis spectrum (Figs. 8 and 9) to a similar effect.
Fig. 10 reveals significant alteration of the UV–vis spec-
trum in oxygen while the catalyst is active. As stated above,
the activity decreased only slightly during the oxygen flow
of 30 min. The slow changes in the UV–vis spectrum of the
catalyst in oxygen could have different origins. One possibil-
ity is corrosion of Pd, which was reported for a Pd/CaCO3
catalyst [30]. The metal content decreased from 4.3 to 1.1%
after the catalyst was reused 16 times in the partial oxidation
of 2-methylphenoxyethanol to 2-methylphenoxyacetic acid,
8whereas the reaction rate was not affected by the corrosion.
A significant loss of the strongly absorbing metal should lead
to a decrease in the absorbance in the UV–vis spectra. We
therefore conclude that the observed change in the spectra
(Fig. 10) is not primarily due to the loss of Pd.
Alternatively, deactivation of platinum catalysts (Pt/C)
during alcohol oxidation was attributed to the penetration of
oxygen atoms into the platinum lattice [31,32]. This process
was relatively slow. During the first 14 h the rate for D-
gluconate oxidation decreased to about one-half of the initial
rate. Penetration of oxygen into the bulk metal was also re-
ported for Pd [33]. Based on kinetic experiments and the
study of different start-up procedures, Dijkgraaf and co-
workers concluded that the observed deactivation was due
to oxygen but not to the formation of a Pt oxide [32]. The
authors proposed formation of a phase of dissolved oxygen.
The formation of palladium oxide as the cause for the
observed spectral changes (Fig. 10) is also unlikely in our
experiments, based on the comparison with UV–vis spec-
tra of palladium oxide [34]. More importantly, the observed
changes resist subsequent flow of dissolved hydrogen, as the
inset in Fig. 10 shows. Under the applied conditions oxi-
dized palladium is readily reduced to metallic palladium [8].
Therefore, the principal changes in the UV–vis spectrum in
the presence of oxygen are not due to the formation of pal-
ladium oxide. The dissolution of oxygen into the Pd lattice
during exposure to oxygen cannot be excluded, but the ob-
servation that the spectral changes are not readily reversible
in hydrogen is an argument against such a conclusion.
Redispersion and changes in particle size could also re-
sult in spectral changes. Small Pd particles exhibit strongly
increasing absorbance at decreasing wavelength [35], in
agreement with the first term of Mie theory [36]. It has
been found for Pt and Pd particles that the quantity S =
−d log ε/d logλ, where ε is the molar extinction coefficient
and λ is the wavelength of the light, depends on particle size
[37]. The general appearance of the spectra in Fig. 9, with
the strong increase in absorbance at lower wavelength, could
thus be an indication of change in particle size. A possible
scenario is the dissolution of Pd and subsequent redepo-
sition (Ostwald ripening) [38]. Pd dissolution is mediated
by strongly chelating species such as carboxylic acids and
high catalyst potential (high oxygen coverage) [39,40]. Such
a mechanism would explain the irreversible nature of the
process monitored by in situ UV–vis spectroscopy.
The observation that the activity is hardly affected within
the time of our experiments, whereas significant changes are
observed in the UV–vis spectra, is intriguing at first glance.
However, alcohol oxidation in the transport-limited regime
results in considerable gradients within the catalyst particle.
Depending on local concentration of dissolved oxygen, the
Pd particles may be more or less covered by oxygen. Parti-
cles covered heavily by oxygen do not contribute much to
the catalytic activity but are prone to Pd dissolution, which
may be the explanation for the observation that the catalystis changing (as observed by UV–vis) without much affecting
activity (as observed by ATR-IR).
5. Conclusion
We have combined in situ attenuated total reflection in-
frared (ATR-IR) and UV–vis spectroscopy to study alcohol
oxidation on a Pd/Al2O3 catalyst. The two methods pro-
vide complementary information. ATR is used to identify
dissolved reaction products and species adsorbed to catalyst
and support, whereas UV–vis is sensitive to changes of the
catalyst.
During the oxidation of ethanol, several species are ob-
served at the interface. Oxidation is evidenced by the pres-
ence of dissolved acetaldehyde, which is the primary oxida-
tion product. Further oxidation to acetic acid is confirmed
indirectly by the appearance of signals associated with ac-
etates on the Al2O3 support, whereas the concentration of
dissolved acetic acid is too low to be clearly detectable. De-
carbonylation of acetaldehyde leads to carbon monoxide on
the Pd. Furthermore, the ATR spectra indicate the presence
of dissolved ethyl acetate.
When the catalyst system was stimulated by periodic
variation of the dissolved gas between hydrogen and oxygen
two, distinctly different regimes were observed: a transient
region during the switching and a steady state. Ethyl acetate
is observed only in the transient region. Moreover, the sig-
nal from the acetates on the support increases quickly only
during the transient region. Acetaldehyde is observed in sig-
nificant amounts also in the steady state, but the signal is
highest in the transient region.
Under identical conditions 2-propanol oxidation does not
proceed to a significant extent beyond the transient region,
which may be ascribed to overoxidation of the catalyst. In
a mixture of 2-propanol and ethanol the former is not oxi-
dized to a significant extent in the steady state either, despite
the fact that the catalyst is not in an overoxidized state, as
significant oxidation of the latter demonstrates. Competitive
adsorption of the two alcohols may account for this observa-
tion. However, during the transient region the two alcohols
are oxidized simultaneously.
In situ UV–vis spectroscopy reveals changes on different
time scales. Fast reversible changes are observed during the
switch from hydrogen to oxygen and are ascribed to changes
in the optical properties of the Pd particles due to adsorption
of hydrogen and oxygen. A considerably slower irreversible
change in the spectra is observed during oxidation during
oxygen flow. These changes are associated with the Pd parti-
cles and are proposed to be due to a change in particle struc-
ture initiated by dissolution of Pd. During that process the
catalytic activity remains largely intact. The study demon-
strates that ATR-IR and UV–vis spectroscopy is a powerful
combination for the study of catalytic solid–liquid interfaces
in situ.
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